Abstract-A matched triaxial device is designed and constructed to measure the transfer impedance of braided coaxial cables at UHF frequencies. Full design principles of the device have been theoretically developed and the details were given in the paper. The device is particularly suited for accurate measurements of transfer impedances at higher radio frequencies up to 3.8 GHz, for which no comparable technique exists. The performance of the device is evaluated by comparing the results against those obtained from low frequency IEC's triple coaxial apparatus and those obtained by using well known theoretical models.
INTRODUCTION
The recent advances in communication technology have increased the complexity and compactness of the electronic systems which resulted in much increased threat of electromagnetic interferences between the circuits. The current limits on radiated and circuit based interference cover the frequency range up to 1.0 GHz but increased frequency bandwidth demanded in applications such as cellular radio systems are likely to result in the proliferations of the standards to higher frequency bands. Closely related issues on radiated immunity and EMC of electronic systems will likely to require further amendments.
Much work has been carried out to predict the leakage from braided coaxial cables at lower radio frequency range up to 100 MHz, with varying degree of success. With a sufficiently accurate prediction method a manufacturer would be able to asses the EMC design criteria that is best suited to the particular application. Most EMC problems require sufficient protection which may demand high degree of immunity to interference. This requires increased accuracy in the leakage estimation and measurements. With the wider market penetration of the cellular radio systems.the problem of cable and wireless interference at higher UHF frequencies must be properly addressed. This requires accuracy in the prediction of the leakage parameters on which the radiation predictions are based.
The characteristics of leakage from a braided coaxial cable is usually measured in terms of transfer impedance −Z T which measures the magnetic field leakage and the transfer admittance −Y T which measures leakage of electric field. Usually the transfer impedance is several order higher than the transfer admittance and therefore more important for quantitative determination of shielding effectiveness. Several theoretical models were proposed to calculate the transfer impedances of braided coaxial cables but they often fail to give accurate results due to the complexity of the problem. Since the accurate modeling of shielding effectiveness is debatable the most reliable alternative is to determine the leakage parameters by measurements. Several measurement methods have been offered. These include: the current probe and damp methods, the line injection method, and standard International Electrotechnique Committee's (IEC's) triple coaxial apparatus [1] [2] [3] [4] . In the first two methods the cable under test is regarded as the radiating source and it is not shielded. The measurements therefore suffer from radiation and coupling effects from the environment. Since such effects increase with frequency these techniques are totally unreliable at higher frequencies. However the simplicity and cost issues make them more desirable for quick and less accurate measurement tasks [1] . Current probe and line injection techniques do not produce reliable measurements as they do not cover overall sample length and require several repeats in measurements over different lengths along the sample. A standard IEC's triple coaxial apparatus is shown in Fig. 1 . In this case the electromagnetic coupling environment is well defined as the cable under test is properly shielded. Therefore this technique yields the most accurate results amongst all the other techniques listed above. However the design of the test procedure is based on the lumped circuit analysis and it can not be extended to higher radio frequencies above 100 MHz. Beyond this limit a new test fixture needs to be designed. Furthermore a coaxial bracket is used to shield a 47Ω the resistive termination at one end of the test sample. At high frequencies this arrangement causes serious reflections in the sample diluting the accuracy of the measurements. Although it is well established that transfer impedance (Z T ) is purely inductive at radio frequencies studies have predicted that it may exhibit nonlinear behavior at very high frequencies [4, 5] . This is due to the following reason. Z T is formed of two inductive components: these are called the hole and braid inductances. The hole inductance is responsible for the direct leakage of the internal field to outside through the diamond shaped holes in the braid. Where as the braid inductance is the direct result of magnetic flux linkage in the holes between the braid spindles [6, 7] . It is predicted that at higher radio frequencies the contact resistances between the spindles form reactive impedances which may behave like semi-conducting switches [4] . The braid current therefore may follow lower inductive path and as a result Z T may deviate from linear inductive behavior. There is yet no experimental evidence which has been established to support this prediction although nonlinear harmonic generation from braided coaxial cables were already studied by Benson [7] .
The objective of the work presented in this paper is to develop an accurate technique in order to measure the transfer impedance of braided coaxial cables at higher radio frequencies between 300 MHz and 3.8 GHz. A matched triaxial device is designed and successfully employed for this purpose. These measurements may also reveal if the transfer impedance may deviate from a linear behavior beyond a certain frequency limit. The theoretical design details are given fully. The accuracy limits and performance details of the design were assessed both experimentally and with theoretical studies.
THEORY
The principle of all the measurements involving triaxial configuration is based on triple coaxial arrangement which comprises a thick walled homogeneous brass tube completely enclosing the cable sample with the braided shield. Fig. 1 illustrates the principle, which is theoretically investigated in this section. We consider the most general case for coupling first and reduce the resulting equations to an experimentally convenient arrangement for the accurate measurement of the transfer impedance at higher radio frequencies. Design equations for the low frequency triple coaxial apparatus are also developed for comparison purposes. No electromagnetic coupling is allowed between the inside and outside of the triaxial arrangement. The type of coupling inside the system is represented by the direct crosstalk, which takes place as a consequence of straight energy transmission between the cable under test and the outer tube, and no other intermediary circuit is involved. Fig. 2 shows the per-unit-length equivalent circuit for the triaxial arrangement, where suffices (o), (s) and (i) are used to denote the outer tube, the braided shield and inner conductor of the cable sample respectively. Current and voltages in the outer conductor are denoted by suffix (s) and that for the inner conductor by (i). R, L, C, and G, in Fig. 2 , are the per-unit-length parameters of the respective inner and outer coaxial circuits. The outer coaxial circuit comprises the inner surface of the outer brass tube and the periphery of the outer shield where as the inner coaxial circuit is the coaxial cable under test. The field penetration into the braid, when the outer tube is energized, is represented by discrete equivalent sources which are uniformly distributed along the braid of the sample under test. These sources can be described in terms of the corresponding leakage parameters Z T and Y T , which refers to the cable sample under test,
Circuit representation of the IEC's triple coaxial arrangement.
as:
where, I s (x) and V s (x) are the per-unit-length current and voltage in the outer coaxial circuit which is formed between the outer tube and the braided shield of the cable under test. They are defined by the following first order differential equations
The terminal voltage and current inner coaxial circuit are defined by a first order differential equation as:
where
The solutions to (2) and (3) is obtained directly by using transmission line approach [6, 9] .
For the coaxial cable under test the excited terminal voltage and current in the test cable are described as:
where the distributed impressed voltage and current sources which represent the leakage energy from the outer coaxial circuit are represented as:
Inserting (5) into (6) and the resulting equation into (4) we have
Reduction of Coupling Equations for Z T Measurements
Equations in (7) and (8) On the other hand the measurement of Z T requires the opposite: e.g., the use of short circuit to excite the series magnetic current and to suppress the shunt electric voltage in the outer coaxial circuit, which forms the basis of low frequency IEC's triple coaxial apparatus (see Appendix A). At high frequencies open and short circuits cause both instabilities and measurement inaccuracies. In the case of Z T measurements in the IEC's triple coaxial apparatus a lumped analysis had to be used in order reduce the general coupling equations to a suitable form from which the measured values can be obtained by simple calculations without measurement inaccuracies. But this reduces the bandwidth of the device to around 100 MHz (sample length less than tenth of a wavelength). Referring to Fig. 2 , for the outer coaxial circuit, the terminal conditions in Therein forms are given for a device length L as
; for the outer coaxial circuit (9)
; for the inner coaxial circuit (10) Substituting (9) into (4) we have
With the terminal condition described in (9) and (10) equations in (5)
Matched Triaxial Device
The IEC's triple coaxial apparatus employ short circuited outer coaxial line in order to suppress the electric field coupling and enhance magnetic field coupling. This arrangement has the following disadvantages at high frequencies: (i) large measurement errors will result by ignoring electric field coupling, (ii) resonances due to short circuit can not be accurately measured and (iii) resistor bracket is used to house a matching transistor in the inner coaxial line. This arrangement causes large reflections at high frequencies (see Appendix A). Thus a more accurate yet practical technique is needed where the measurement inaccuracies in the existing IEC method can be eliminated. For this it is essential that the short circuit, in the outer coaxial, and the resistive bracket in the inner coaxial circuits are replaced with more stable terminations leading to minimal measurement errors. A practical way to achieve this is to develop a method whereby both circuits are strictly matched, which implies the imposition of the following terminal conditions in the outer and inner lines:
Inserting these into (7) and (8) gives
for the far-end and near -end responses of the cable under test. In deriving (13) we have assumed that the attenuation constants of both outer and inner coaxial circuits are small in comparison to the phase constant values. The main advantage of the matched triaxial device is that both electric field and magnetic field couplings are accounted for, in contrast to IEC's triple coaxial apparatus where the electric field coupling is ignored. Because of this the matched triaxial device is more accurate. Figure 3 . The per-unit-equivalent circuit for the triple coaxial apparatus.
DESIGN OF MATCHED TRIAXIAL DEVICE
The close inspection of expressions in (13) reveal that it is theoretically possible to evaluate both Y T and Z T values simultaneously if the "Sinc" functions can be eliminated from both expressions. However this is only possible for the far end crosstalk expressions if the phase velocities in the inner and outer coaxial circuits are matched. This enables the transfer impedance values to be extracted from the far-end crosstalk measurements but not from the near end crosstalk for which the 'Sinc' function is not eliminated. Thus the design of matched triaxial device is based on matching both the phase velocities and characteristic impedances in the inner and outer coaxial circuits. The outline drawing of the proposed scheme for the device is shown in Fig. 4. Fig. 5 shows the cross-section of the half symmetrical section for the actual device which was constructed and tested. The middle section "A-B" (of length "L") represents the measurement area where the physical coupling between the outer coaxial circuit and the cable sample under test takes place.
The device is designed to measure URM 43 size radio cables (mean diameter over inner dielectric is nominal 3.26 mm). It was necessary to construct the dielectric rods with an inner diameter equal to 3.55 mm in order to protect the braid samples from any deformation. Since any such deformation will cause the braid structure to change Z T values The inner tube was sustained coaxially within the device by using a dielectric support with permittivity of 1.6 at both ends (Kraus' optimum compensation matching criteria was used at the end sections of the measurement area [9, 10] ). The reactive discontinuities due to changes in the dielectric media are compensated using the short circuiting pistons. Two n-type receptacles in sections (A)-(B) were kept in position at the 'Junctions' to introduce the signal into and terminate the outer coaxial circuit into the match loads. These Junctions are the main source of discontinuities and were kept apart by a distance equal to the inner diameter of the outer tube in order to ensure that inhomogeneous reactive fields will not interfere with each other. Short circuiting pistons, are made of high conductivity spring fingers in order to provide good metal-tometal contact. Each piston is provided with fine vernier tuning units for precise movement that is needed at microwave frequencies. 
EXPERIMENTAL SET UP
The experimental set up shown in Fig. 6 is used. The high frequency radio signal is fed at port (A) of the device via a bidirectional coupler. An absolute power meter was connected to the coupling output of bidirectional coupler to measure the reflected signal at the input and the port (B) is connected the spectrum analyser. The short circuiting stubs were adjusted symmetrically to n λ 4 , of the measurement frequency away from the discontinuities at the Junctions. These positions were monitored alternately until the reflected signal on the power meter was a minimum and the signal on the spectrum analyser was a maximum. At this point the spectrum analyser was disconnected from port (B) and connected to the far end of the cable sample and the level of the signal is recorded on the spectrum analyser. The complete assembly was replaced by a set of adjustable attenuators which are then connected between the output of the bidirectional coupler and the input of the spectrum analyser. The settings of the attenuators were adjusted to obtain the same signal level on the spectrum analyser as was obtained with the assembly connected. The transfer impedance of the cable sample at the test frequency was then obtained from the attenuator settings according to equation in (13) . Transfer admittance values needed in these expressions were obtained separately by using a pulse method developed by Fowler [6, 11] , employing the low frequency IEC's triple coaxial apparatus. As proposed by Tyni [12] , for braid angles less than 45 • the hole and braid inductances oppose each other. It is therefore possible to determine which inductance predominates for any cable sample examined. A time domain method developed by Fowler [4] is used to perform the polarity tests. The IEC triaxial device was also used for these tests and the procedure is described in detail in [6, 9] .
RESULTS
The magnitude of transfer impedance was measured in the frequency range 300 MHz and 3.8 GHz. The lower frequency cut-off is decided by the size of the short circuiting pistons. It is theoretically possible to lower the frequency range down to 100 MHz but this would require longer device lengths which are not practical. Upper frequency range on the other hand is decided by the diameter of the cable under test. Beyond 4.2 GHz higher order modes will be excited in device [10] [11] [12] [13] . The results obtained by using the procedure outlined in Section 4 are shown in Figs. 7-9 . The mechanical and electrical details of the cable sample studied are given in Table 1 . For each cable sample a comparison is also made between the measurements from the matched triaxial device and those from IEC's triple coaxial apparatus which were shown up to 100 MHz. The theoretical predictions by using the Tyni's theory (see Appendix C) were also shown in solid lines in each graph. It is widely assumed that Z T is purely inductive at high frequencies but separate studies predicted that the currents in the braid spindles may follow lower resistive paths because of the increased ac resistances at the cross overs leading to a nonlinear Z T behaviour [4, 5] . However the results in Figs. 7-9 clearly indicate that the linear inductive behaviour A possible explanation for this discrepancy may be due to the changes in the mean distance between the spindles in the braid as p.v.c jacket had to be removed for the high frequency measurements (to match the phase velocities), in contrast to low frequency measurements, where the p.v.c jacket was left in place. The mean distance between the braid spindles directly determines the braid inductance values and any changes in its value is bound to effect the braid inductance values significantly. All the measured samples are of optimised structure (hole and braid inductances are finely balanced by a careful design of filling factor) with positive polarities (hole inductance dominates). Thus Z T values are critical to changes in the braid design [12] . Also the release of tension effects the contact resistances at the cross-overs which may result in different current flow between the spindles. Different current flow in the lower spindles will result in different flux coupling in the areas between the spindles resulting in the different braid inductance values. These observations may explain the lower discrepancy for the HLE 45/2 cable which has a higher filling factor and therefore more rigid braid construction than other two cables. Overall these effects are impossible to model and more investigations were therefore carried out on the device performance, in order to eliminate further the possible causes that may contribute to the discrepancy. The VSWR measurements give 1.0529 for the inner and 1.1479 for the outer coaxial lines which are pretty close to ideal values. Attenuation constants for the same lines are 0.31899 and 0.067175 dB/m respectively. The transfer impedance values in Figs. 7-9 were obtained from (13) assuming perfect phase velocity match between the inner and outer coaxial circuits. This is not strictly true as there is bound to be air gap between the braid and outer dielectric cylinder sections, in addition to infinitesimal gabs between them. The overall effect of this is to lower the phase constant in the outer coaxial circuit. Therefore we investigated the effect of mismatches by assuming that the far end "Sinc" function in (13) is not equal to unity but calculated by assuming an air gap between the outer braided conductor and the dielectric cylinders. The new phase coefficient values were then determined from new capacitance values in the outer coaxial circuit taking into account of this air gab. In Fig. 10 the phase velocity of the inner line is compared with the phase velocity of the outer line with and without the air gab. From the relevant graphs it is seen that the error is negligible between 100 and 400 MHz but increases gradually with frequency. The near-and far-end "Sinc" function are then calculated with the phase error caused with the air gab. These results are shown in Figs. 11 and 12 for the cable samples HLE 45/1. The near-end sinc function was calculated for comparison purposes as it shows highly oscillatory behaviour in comparison to farend sinc function which smoothly decreases as the frequency increases. This is further illustrated in polar form in Fig. 13 . These results also show that it would be impossible to use near-end coupling values in ( These values were further inserted into far-end crosstalk expression to re-evaluate the Z T . The mathematical details of the approach are given in the Appendix B. The results obtained using this approach (also plotted on the same graphs) show marginally better agreement with those from the low frequency measurements but the discrepancy energy collected from the samples measured. Therefore the discrepancy between the results using two sets of measuring apparatus can be attributed to the sample preparation and the changes in the braid design as a result of removing p.v.c jacket, which alters the interlayer distances between the braid spindles, resulting in modified Z T values. The effect is more pronounced on the optimised cable designs as explained above for these cables the hole and braid inductances are finely balanced making them more sensitive to changes in the braid structures.
CONCLUSIONS
A matched triaxial device was designed and constructed to measure the transfer impedances of braided coaxial cables at higher radio frequencies. Extensive further tests have been carried out in order to investigate the performance characteristics of the constructed device. These tests have proven that the device performed in accordance with the design specifications and it was successful in accurately measuring transfer impedances up to 3.8 GHz. Albeit it requires the removal of dielectric jackets which is a practical disadvantage. Some earlier studies predicted that transfer impedance may behave nonlinearly at very high frequencies. But these measurements confirmed that the transfer impedance is linear up to 3.8 GHz. However it is interesting to see if the linear behaviour of transfer impedance is sustained up to much higher frequencies into mm-wave region. The design principles of matched triaxial device may easily be applied to extend the frequency limit. However this requires the manufacture of much smaller test cables and device dimensions which will demand greater accuracy in the design and testing.
APPENDIX A. DESIGN EQUATIONS FOR IEC TRIAXIAL APPARATUS
In the IEC triple coaxial apparatus the outer circuit is shorted at the far end whereas the near end is matched into a 47 ohm resistor enclosed within a metallic bracket. The inner coaxial circuit is matched at both ends. The terminal conditions for the outer line are:
Inserting these equation in (11) we have
Inserting (A1) into (3) and noting that V s (0) = Z s L I s (0) for the far end response in the cable we obtain
Usually the transfer admittance will be small when the outer coaxial line is short circuited (i.e., Z s c ∼ 0) and
However this is only applicable at low frequencies. As the frequency increases the outer coaxial circuit can only be described in terms of distributed circuit parameters and capacitive coupling creeps into the measurements.
This limits the bandwidth of the triple coaxial apparatus. Thus at low frequencies (A2) is reduced to
(A3) At low frequencies α s < β s and α i < β i (A3) further reduces to a form from which transfer impedance may be evaluated:
, χ = β i L and R v represents the series resistance used to match the inner coaxial circuit for the test sample. The second term in the expression above represents the correction factor due to the short circuit employed in the outer coaxial line, to enhance magnetic coupling whilst suppressing the electric field coupling. At low frequencies, where the sample length is electrically short the lumped circuit approximation invoked to derive (A4) will suffice. However as the frequency increases lumped circuit approximation will not be accurate to represent the measurement environment and measurement errors will be introduced in the correction factor. Thus the bandwidth of the triple coaxial apparatus is typically set to 100 MHz for sample lengths around 1 m.
APPENDIX B. NUMERICAL PROCEDURE FOR EXTRACTING CALIBRATED Z T VALUES FROM HIGH FREQUENCY MEASUREMENTS
The measured values for the transfer impedance are extracted from the far field crosstalk expression which is re-written here as:
and for near-end crosstalk expression as:
where the near and far-end Sinc functions are represented as: 
Minimum mean square norm value in mean square sense can be calculated from ∂|e| 2 ∂βs = 0, which results in
The fundamental solution to (B4) can be obtained as:
However this solution refers to the first quadrant in the phase changes, which is not applicable to all frequencies. Thus it is employed as a first estimate in a gradient search technique on (B4) to find the optimum phase constant for the outer coaxial circuit. This value is then used to obtain the new calibrated values of the transfer impedance from the far-end crosstalk measurements according to (B1).
APPENDIX C. THEORETICAL MODEL FOR TRANSFER IMPEDANCE
The widely used theoretical model for transfer impedance at radio frequencies is due to Tyni [6, 7, 12] . According to this model Z T is assumed be inductive at radio frequencies. The inductive rise is made of braid inductance which accounts for the magnetic flux coupling between the braid spindles and hole inductance. The hole inductance is responsible for the direct linkage of the magnetic field via the diamond shaped holes in the braid to outside and vice-versa. For the per-unitlength braid inductance Tyni suggested
For the hole inductance Tyni gave
where h is the mean distance between the braid spindles, D m is diameter of the cable over braid, θ is the braid angle, N is the number of spindles, and b is the braid wire diameter. It is clear that for braid angles less than 45 • hole and braid inductance oppose each other. Thus if the braid inductance is dominant this will result in the polarity change of Z T which may be measured by using a simple time domain technique developed by Fowler [1, 9, 11] . This technique is also employed in this paper to determine the polarity of Z T for the cable samples measured.
